In the present era, down scaling of complementary metal-oxide-semiconductor (CMOS) technology has lead the metal-oxidesemiconductor field-effect-transistor's (MOSFET) sizes to nanometer regime which in turn experiencing difficulties due to the effect of physical and technological perspective. Double-gate (DG) MOSFET is considered as a promising device to reduce the shortcoming and shrink down towards nanometer domain. This paper proposes electrostatic potential distribution and drain current models for the lightly doped symmetrical p-channel DG MOSFET. The analytic solution of potential distribution is derived by solving the 2D Poisson's equation incorporated with hole density through the superposition method. The drain current model has been explored by incorporating physical effects like threshold-voltage roll-off, channel length modulation and surface roughness scattering. Functionality of the models has been calculated in MATLAB and the obtained results are verified and compared with state of the art literature.
in p-channel devices are different than that of n-channel [17] , thus, modeling of p-channel DG MOSFET is utmost necessary for the simulation of DG-CMOS circuits.
In this paper, analytical ϕ and ds I models for the lightly doped symmetrical p-channel DG MOSFET are proposed in nanoscale regime (30 nm) . However, the quantum mechanical effects are not highlighted in the proposed models, because it starts functioning to the devices when silicon body thickness ( si t ) is less than 5 nm [13, 17] . The 2D Poisson's equation along-with the mobile charge density (holes) is solved through superposition method [9] to obtain the ϕ model. The proposed ϕ model is able to show the variation of channel potential with respect to gate-to-source voltage ( gs V ) from weak to strong inversion region. The proposed ϕ model is also verified with the industry standard professional device simulator (Silvaco -ATLAS). Addition to this, the ds I model is proposed from the existing models for symmetrical n-channel DG MOSFET [21] [22] [23] [24] considering drift-diffusion approach. The reported ds I model is improved by incorporating physical effects like threshold voltage roll-off, channel length modulation and surface roughness scattering.
2 Proposed potential distribution model Fig. 1 shows the cross-sectional view of a p-channel symmetric DG MOSFET where the p-type source and drain are heavily doped and the silicon body is of lightly doped n-type (~ 10 15 cm −3 ). Table 1 lists all the parameters considered in this paper along with their symbols and values. In short p-channel DG MOSFET, the electrostatics potential ( ) 
To derive the analytical solution for the ϕ model, the superposition method is applied, where ( ) 
The 1D Poisson's equation across the thickness (along y) of p-channel device is given by [26] : As given by the model in [30] 
where p fb V is the flat band voltage. Equation (3) is integrated twice in order to obtain the solution [5] .
Substituting Eq. (5) in Eq. (4) yields an implicit expression for β :
where r t t si ox ox si = ε ε . Equation (6) has to be solved numerically in order to calculate the values of β. The expression for β is [27] :
where ( )
is the long channel component of ( )
describing the potential at the center of the silicon body. From Eq. (7) , it is observed that the parameter β is a function of ( ) 0 0 y ϕ = whose value is unknown. Since it is a transcendental equation, the β has to be solved numerically [6] . Yu et al. [22] proposed a computation method (algorithm) to explicitly obtain the values of β . The short channel component ( )
is the solution of 2D Laplace equation:
with boundary conditions: 
.
The solution of Eq. (8) has been solved in the reported paper [28] . 
The expressions of n A and n B are obtained through applying the boundary conditions (Eqs. (9) and (10)). 
The value of n λ can be calculated numerically from the expression obtained through applying boundary conditions (Eqs. (11) and (12)):
Equation (2) can be used to calculate subthreshold current ( ,
ds SUB I
). Assuming drift-diffusion approach, the , ds SUB I is expressed as:
where p µ is the mobility of holes. The expression Eq. (17) is a semi-analytical model where the integrals are solved by using numerical method (Simpson's one-third rule) [29] . 
Replacing the term tan β β by i q [23] and the derivative of V is obtained through differentiating Eq.
where i q is the normalized charge density. Substituting Eq. (20) in Eq. (19):
where is q and id q are normalized charge density at the source and drain ends. On solving Eq. (21), the ds I model for a long p-channel DG MOSFET is obtained.
The analytical expression of th V for a short p-channel DG MOSFET is [27] : The th V of a long p-channel DG MOSFET is expressed as:
The expression of th V ∆ is given by:
th Q is the inversion charge sheet density at threshold condition. To compute the th V , small value of ds V = 20 mV is considered so that the device does not reach saturation region of operation. The channel length modulation effect is considered by multiplying the core model , ds long I with the factor CLM F [23] :
with
is the natural channel length [13] . In order to smoothen the , ds long I model Eq. (22) in the transition from subthreshold to linear region of operation, a flag called isSI [24] has been used.
The expression of i q (Eq. (28)) is incorporated with various parameters [13, 24] such as: .
Consideration of surface roughness scattering effect substitutes the p
µ with the function [30]:
The complete ds I model incorporated with th V ∆ , channel-length modulation, and surface roughness scattering effects is expressed as:
Results and discussion
The ϕ model Eq. (2) is validated by performing simulation in Silvaco -ATLAS and to validate the ds I model Eq. (31), comparison has been made with the simulation results in [19] .
Potential distribution
The ϕ model Eq. (2) Table 1 ). The potential distribution at the surface ( ) s ϕ shown in Fig. 2 (a) and y = 0.0 nm are found as 0.0064 V and 0.0060 V respectively. On the other hand, the same for y = 3.0 nm (at the effective conductive path [13] ) is found as 0.0207. The proposed ϕ model works well is describing the potential distribution at the surface and center of the silicon body rather than any other point. This is why the model results shown in Fig. 2 (a) -(c) are in good agreement with the simulation results, and deviation from the simulated data is observed in the potential distribution shown in Fig. 2 (d) Fig. 3 . It is observed that s ϕ , cent ϕ , and /4 si t ϕ pass through a common point for a particular value of gs V which is termed as crossover point [14, 31] . The presented ϕ model works well in the subthreshold region of operation mainly for gs V lower than −0.4 V.
Drain current model
The ds I model Eq. (30) results ( Fig. 4 ) are calculated considering parameter values given in Table 1 for the device dimension: L = 30 nm, W = 50 nm, si t = 10 nm ox t = 1 nm. To compute the th V , th Q = 5 × 10 12 cm −2 [23] is considered. The p fb V is calculated using the relation:
. In Fig. 4 , the ds I model results are computed by considering constant hole mobility ( p µ ) of 470.5 cm 2 /Vs [30] , ignoring the effects of surface-roughness scattering [23] . Fig. 4 (a) , (b) shows the transfer characteristics for different values of ds V from where the extracted subthreshold slope ( SS ) has been calculated as 64.2 mV/decade ( Fig. 4 (b) ). The output characteristics for the same DG MOSFET structure are shown in Fig. 4 (c) . In order to validate the proposed ds I model, a comparison has been made with the simulation results published in [19] . Fig. 4 (d) shows the transfer characteristics in comparison with simulation results of [19] . From the comparison, maximum absolute error = 0.0880 mA has been found in case of ds V = −0.1 V and the same for ds V = −1.0 V has been found as 0.0360 mA. Disagreement in the characteristics observed is due to the consideration of only mobile-charges in Poisson's equation and difference in physical effects considered in the presented analyses in this paper. Table 3 presents the differences in the physical effects and parameter's values considered in [19] and this presented work.
Conclusion
The analytic potential distribution model for lightly doped symmetrical p-channel DG MOSFET is deduced by solving 2D Poisson's equation incorporated with hole density. The Poisson's equation is solved using superposition method due to which the potential distribution model is valid from weak to strong inversion regions. Good agreement has been observed while comparing the analytical model results with the simulation results of an industry standard professional device simulator Silvaco-ATLAS. Moreover, the drain current model for lightly-doped p-channel DG MOSFET has also been introduced. Physical effects like threshold voltage roll-off, channel length modulation and surface roughness scattering are considered in this analysis. The equations have been implemented in MATLAB and verified with its counterparts. The boundary value problem reduces to two ordinary differential equations in x and y. 
